Introduction
The estimation of evapotranspiration (ET) and real-time crop coefficient (K c ) from irrigated areas is important for water resources planning and regulation. In drought prone regions, high crop water uses coupled with increasing cost for irrigation require appropriate irrigation management to increase water application efficiency (Allen et al., 2005; Douglas et al., 2005) . To better estimate water use and more appropriate timing of irrigation, water management practices should account for spatial and temporal variations in plant growth parameters such as vegetation cover, leaf area index and density, and biomass.
High resolution satellite images in visible, near infrared and thermal infrared domains allow to derive relevant indicators of crop water demand for each pix- Traditionally, ET has been estimated by multiplying a weather-based reference ET 0 by K c determined according to the crop type and the crop growth stage (Doorenbos and Pruitt, 1977 ; Allen et al., 1998). In particular, the FAO-56 publication provides typical development lengths for growth stages and tabularized K c values for most agricultural crops. However, local calibration of the K c curves are needed to more adequately reflect the crop water uses.
The focus of this paper is to provide a means for improving irrigation scheduling and management using energy balance based ET fluxes and remote sensed K c data. An empirical approach for determining orange orchards K c directly from NDVI observation was provided by the high resolution IKONOS sensor in Eastern Sicily (Italy) during 2006. The performance of the satellite based K c -NDVI model for estimating ET was evaluated using ground measurements.
Methodology

2.1Field measurements of energy fluxes through canopy coverage
The surface energy fluxes, meteorological data and radiometric imagery of vegetation used in the study come from an experimental site located in the semiarid Catania Plain irrigation district (Eastern Sicily). The measurement site consisted of a 6 ha orange orchard, where the trees were planted at a distance of 5.0 m in the row and 5.0 m between rows for a total of 400 trees per hectare. The orchard was irrigated by means of a low volume irrigation system. The irrigation water is supplied by Salso-Simeto river system; irrigation applications are delivered from collective water distribution networks at fixed intervals and are applied at farm level by micro-sprayers. The data set consists of two Surface Renewal -Energy Balance flux towers (with more than 100 m of fetch in all the directions) located in the orange orchard area. The two towers were used to increase the consistency of the energy fluxes measurements, and especially of the "uncalibrated" H.
The Surface Renewal (SR) technique (Paw U and Brunet, 1991; Snyder et al., 1996), based on high-frequency air temperature measurements, was used to estimate sensible heat flux density (H). The method has the advantage that temperature or wind speed profiles and corrections for atmospheric stability are unnecessary. It has also the advantage that the equipment is less expensive and more robust than sonic anemometers. In general, the error in SR measurements of H is similar to the error observed when using a 1-D sonic anemometer (Snyder et al., 1996; Spano et al., 1997).
The sensible heat flux density (H) was used along with net radiation (R n ) and soil heat flux (G) data to calculate latent heat flux density (LE) as the residual of the energy balance equation
where R n is a positive number when the net flux is downward (energy added to the surface), LE and H are positive numbers when the flux is upwards (energy added to the air) and G is a positive number when the flux is downward (energy added to soil). High frequency temperature data were collected at 4 Hz using two 76.2 µm diameter fine-wire thermocouples mounted at 0.5 above the canopy top. When plotted the temperature traces show ramp like characteristics, which are used to estimate heat fluxes using a conservation of energy equation (Gao et al. 1989; Paw U et al. 1995; Snyder et al. 1996; Spano et al. 1997 ). The temperature data were analyzed to determine the mean ramp amplitude (a) and the inverse ramp frequency (d+s) using a structure function (Van Atta, 1977) and time lags of 0.25 and 0.50 seconds for each of the two thermocouples.
The factor α is a correction term for unequal heating below the sensors that depends on the measurement height (z), on canopy structure and thermocouple size. The symbol ρ is the air density (g m -3 ) and C p is the specific heat of air at constant pressure (J g -1 K -1 ). Net radiation R n was measured using a "Kippen&Zonen" net radiometer mounted at about 1 m above the canopy.
Soil heat flux density G was measured using three REBS/HFP01 soil heat flux plates and two Campbell Scientific, Inc. 'CS' ® TCAV soil averaging temperature sensors to account for soil heat storage above each heat flux plate. The plates were inserted horizontally into the soil at a depth of 0.05 m, and the soil thermocouples were placed 0.01-0.04 deep. Assuming a moist soil, a volumetric heat capacity (C V ) calculated as the product of the apparent soil density and the specific heat of about 2.0×10 6 MJ m 3 K -1 was used to compute changes in heat storage (∆S) above the flux plates. (3) where T f and T i are the final and the initial temperature for half-hour period and d=0.05 is the depth of the heat flux plate. The value 1800 is the number of seconds per half-hour. The soil heat flux density at 0.04 m depth (G 0 ) was calculated as the mean of the three heat flux plate measurements. The soil heat flux density at the surface (G) was calculated as
In combination, half-hourly data on H, R n and G were used to calculate latent heat flux density (LE) as the residual of the energy balance (EB) 2 ) and direction (WD). The climatic data (including rainfall, P), recorded from January through October 2006, came from the CR10X weather station (Campbell Scientific, Logan, UT) located at the experimental field. Hourly ET 0 values were summed over 24-hour periods to obtain daily ET 0 data. (5) In the eq., ∆ is the slope of the saturation vapour pressure at the air temperature (kPa o C -1 ), γ is the psychrometric constant (kPa o C -1 ) and e s -e a is the vapour pressure deficit (kPa).
2.2A semi-empirical approach to produce ET and K c maps
Spectral observations on canopy reflectance were acquired using the high resolution IKONOS sensor (Table 1) . Two images from the sensor were acquired for the study area during July 6 th and August 17 th 2006 ( Figure 1 ).
The evaluation of evapotranspiration for the operational assessment of crop water requirements was made using the following procedures defined by FAO (Allen et al., 1998; ASCE_EWRI, 2004; Allen et al., 2006): i) the crop coefficient K c was defined as the ratio of potential evapotranspiration ET p by reference evapotranspiration ET 0 ; ii) the evapotranspiration fluxes (potential and reference) were calculated using the modified Penman-Monteith (eq. 5) approach with appropriate values of canopy variables such as crop height, surface albedo and leaf area index (LAI). In particular, the canopy variables needed for calculating reference crop water requirements under standard conditions (adequate soil water supply) were extracted from tables (Doorenbos and Pruitt, 1977) in the case of the ET 0 estimation, while they were derived from remote observations in the case of ET p (eqs. from 6 to 8).
The value of crop height (h c ) for the calculation of ET p was assumed constant and equal to 0.6 m. This choice stems from the consideration that the radiation term is prevailing in the energy budget of this area and that a constant h c does not affect the accuracy of estimation to a great extent. To check this assumption, a sensitivity analysis to h c with the values of Leaf Area Index was made (Barbagallo et al., 2002; Consoli et al., 2006b). In particular, the deviation on ET p values by considering a constant value of h c , on a wide range of Leaf Area Index, is maintained lower than 10%.
Simple and feasible approaches based on empirical relationships between LAI and reflectance data in red and infrared bands of the electromagnetic spectrum have been defined by several authors (Clevers, 1989 ; D'Urso et al., 2001). In the study LAI was related to WDVI (Weighted Difference Vegetation Index) of the observed surface through the expression (6) where:
The symbols ρ r , ρ i ρ sr , ρ si represent the reflectance in the red and infrared region for the vegetation and the soil respectively. In eq. 6, α* is an extinction coefficient determined using field measurements of LAI by inversion of eq. 6, considering the corresponding WDVI.
The albedo r was calculated using eq. 8 (Menenti, 1984) , where w λ are weighted percentages of the extraterrestrial solar irradiance E 0λ in each band of the sensor. (8) In the study, a procedure for the estimation of crop water requirement from Earth Observation data has been developed and tested. The method is based on the relationship between the Normalized Difference Vegetation Index (NDVI) and the values of K c . The NDVI represents one of the most spread reflection index for vegetation monitoring (D'Urso and Belmonte, 2006). It is calculated from the surface reflectance in near-infrared ρ i and in the red band ρ r , by means of the following relation ship:
The ability of NDVI to describe canopy biophysical properties has been shown by several applied researches. In particular, NDVI was related linearly with the fractional vegetation cover (Calera et al., 2001 ) and with the fraction of absorbed photosynthetically active PAR radiation (Sellers et al., 1997); In table 2 there is a description of the variables measured during the field campaigns. The percentage ground cover (C g ) was estimated from the tree size relative to tree spacing in the orchards. The area shaded by a tree was estimated as the product of length of foliage within the row and the width of foliage across the row. This was divided by the area per tree within the orchard (distance between rows × distance between trees within a row) to estimate the percentage ground cover Figure 3 . (11) where ET p is the value of crop ET for a grove that is not limited by the available moisture. The ET p values were determined by using the mean daily value of K c during July (when the orchard stands were well watered) and the ET 0 on each day of the monitored period. The orchard may have been under water stress on days that observed ET a was less that the ET p value. On days with measurable precipitation or irrigation, low net radiation reduced daily ET a . The high SI values (about 45%) might result also from a combination of additional sensible heat from the exposed, dry orchard floor and from reflection of short wave radiation from off the soil surface into the trees. Figure 4 shows the regression of daily averages of actual evapotranspiration (ET a ) from the two Surface Renewal stations (named SR1 and SR2) during the monitored period.
3.2Kc-NDVI remote sensing based model
Atmospherically corrected reflectance values were derived by means of the ATCOR procedure (Richter et al., 2002) assuming constant atmospheric conditions over the images and different types of standard atmospheric profiles. The satellite images were geometrically rectified to the Universal Transversal Mercator projection system (UTM), by using a linear transformation of coordinates and the nearest-neighbour resampling method for the pixel reflectance values (Jensen, 1986) .
By using field measurement data sets collected during 2006, calibration and validation of Eq. (6) (Figure 7) .
In the analysis of ET fluxes and K c data by remote sensing, it may be underlined that, considering an average distance between the trees in this area of 5 m; at full development (which corresponds to tree height of 3.5-4.0 m and a LAI of 2-2.5) the fractional vegetation cover is almost 100%. Thus the IKONOS sensor, with a resolution lower than 5 m, is able to distinguish individual trees except for the case of fully developed orchards.
Linear correlations express the increase in K c with NDVI through the monitored period. The linear trend presents a determination coefficients (R 2 ) higher than 0.90, with minimal scatter around the regression lines ( Figure 8 ). It must be inferred that the relationship K c -NDVI is strictly related to the selected crop and the specific conditions of the area under experiment. Furthermore, it is well suited to be applied for orchard crops characterized by pretty steady LAI values.
The K c -NDVI models have been checked ( Figure  9 ) during the field campaign of late August 2006. Good agreement has been found for crops with an high fractional vegetation cover (points falling in the regression line). Deviation between NDVI-based and FAO-56 based K c was detected.
To conclude, some comparisons between ET fluxes and K c values obtained from SR-EB technique and from Remote Sensing approach will follow. In particular, during the spectral observation period in 2006 average values of ET p equal to 4.7 mm d -1 were found in good accordance with ET a fluxes measured using the Surface Renewal stations. Differences were detected in terms of crop coefficient (K c ), that reached mean values of about 0.90 and 0.80 using Surface Renewal technique and the Remote Sensing approach, respectively. Care must be made in stating the different natures of both types of concepts (satellite-based reflectance potential ET data and energy balance actual ET measurements) and the limitation of such comparison.
Conclusions
A reliable monitoring of crop water demand at field scale requires remote sensing systems having high spatial resolution and a fairly short return time. In this study, a semi-empirical approach was applied to IKONOS images acquired during July and August 2006, to provide maps of ET related variables over an agricultural area in Eastern Sicily (Italy). K c -NDVI models were applied to provide daily maps of ET fluxes using remote sensed reflectance data from the monitored vegetation (orange orchards). Irrigation components (ET, K c ) estimation using satellite data was compared with Surface Renewal -Energy Balance measurements from agricultural settings. Nevertheless, relevant information has resulted from this analysis, and a fairly good agreement between methods is observed. Regarding the daily values of crop water demand, results from the K c -NDVI and SR-EB approaches are higher than those suggested by FAO 56. The semi-empirical procedure described here could be implemented in order to provide reliable and useful products to farmers and/or to collective irrigation systems about crop water requirements. For operational purposes, in fact, in an area with smaller farms, IKONOS has proven to be a viable (yet more costly) option since it also provides the necessary higher spatial resolution, with available rush service.
To conclude, EOS techniques are ready of being transferred to operative applications of great impact on the management of water and land resources. With this purpose, very interesting researches were carried out within the DEMETER project on the operational spaceassisted irrigation advisory services (Jochum et al., 2005) and more recently the spin-off of the University of Napoli Federico II is working on a regional support service for irrigation scheduling by using satellite data.
To conclude, about the Surface Renewal station, the big advantage of the method is the low cost (i.e. if compared with the eddy covariance technique) and simple instrumentation. The instrumentation and theory are simple, but the calculations are complex. However, once the analysis software is available the technique is easy to employ.
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SUMMARY
Remote sensing techniques using high resolution satellite images provide opportunities to evaluate daily crop water use and its spatial and temporal distribution on a field by field basis. Mapping this indicator with pixels of few meters of size on extend areas allows to characterize different processes and parameters. Satellite data on vegetation reflectance, integrated with in field measurements of canopy coverage features and the monitoring of energy fluxes through the soil-plant-atmosphere system, allow to estimate conventional irrigation components (ET, K c ) thus improving irrigation strategies.
In the study, satellite potential evapotranspiration (ET p ) and crop coefficient (K c ) maps of orange orchards are derived using semi-empirical approaches between reflectance data from IKONOS imagery and ground measurements of vegetation features. The monitoring of energy fluxes through the orchard allows to estimate actual crop evapotranspiration (ET a ) using energy balance and the Surface Renewal theory. The approach indicates substantial promise as an efficient, accurate and relatively inexpensive procedure to predict actual ET fluxes and K c from irrigated lands.
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